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Scratch protection in tape data storage system 



Abstract: 

A method of redundancy coding of user data received from a host apparatus and 
storage of said coded data on a magnetic tape data storage medium comprises 
inputting a byte stream of user data into a buffer and assembling a plurality of 
data sets in the buffer; for each data set assembling a data set into a 
two-dimensional data array and (1103) applying a second redundancy coding 
algorithm (C2 parity) to the two-dimensional data set in a second dimension; 
applying (1105) a first redundancy coding (C1 parity) algorithm to the second 
redundancy coded data array in a first dimension to form a two-dimensional data 
frame having second and first redundancy coding in respective second and first 
dimensions, the two-dimensional data frame comprising a plurality of rows, each 
row comprising a first codeword and a plurality of columns, each column 
comprising a second codeword; partitioning the two-dimensional data frame into 
a plurality of logical track blocks (1106) each comprising a plurality of first 
codewords; and recording (1110) each logical track block to a corresponding 
respective physical track on the magnetic tape data storage medium. 
Redundancy coding of a data frame is distributed across a plurality of other data 
frames along the tape, and redundancy bytes of each data frame are distributed 
across a plurali 
30f 

ty of data tracks. Redundancy coding may be distributed diagonally across a 
width of the tape. Data obliterated due to damage to individual physical recorded 
tracks or sections of tracks on the tape may be recovered from redundant coding 
data distributed across other adjacent parallel physical tracks on the tape. 
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(54) Scratch protection in tape data storage system 

(57) A method of redundancy coding of user data 
received from a host apparatus and storage of said 
coded data on a magnetic tape data storage medium 
comprises inputting a byte stream of user data into a 
buffer and assembling a plurality of data sets in the 
buffer; for each data set assembling a data set into a 
two-dimensional data array and (1103) applying a sec- 
ond redundancy coding algorithm (C2 parity) to the two- 
dimensional data set in a second dimension; applying 
(1 105) a first redundancy coding (C1 parity) algorithm to 
the second redundancy coded data array in a first 
dimension to form a two-dimensional data frame having 
second and first redundancy coding in respective sec- 
ond and first dimensions, the two-dimensional data 
frame comprising a plurality of rows, each row compris- 
ing a first codeword and a plurality of columns, each col- 
umn comprising a second codeword; partitioning the 
two-dimensional data frame into a plurality of logical 
track blocks (1106) each comprising a plurality of first 
codewords; and recording (1110) each logical track 
block to a corresponding respective physical track on 
the magnetic tape data storage medium. Redundancy 
coding of a data frame is distributed across a plurality of 
other data frames along the tape, and redundancy bytes 
of each data frame are distributed across a plurality of 
data tracks. Redundancy coding may be distributed 
diagonally across a width of the tape. Data obliterated 
due to damage to individual physical recorded tracks or 
sections of tracks on the tape may be recovered from 
redundant coding data distributed across other adjacent 
parallel physical tracks on the tape. 
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Description 

Field of the Invention 

[0001] The present invention relates to a method of s 
redundancy coding for scratch protection in a linear 
tape data storage device and medium. 

Background to the Invention 

10 

[0002] In order to store digital electronic data it is 
known to use magnetic tape cartridges comprising a 
pair of reels, which are inserted into a tape drive unit 
having a plurality of read/write heads. Typically, such 
magnetic tape storage devices may be used to back up is 
data generated by a host device, eg a computer, or to 
store data generated by test or measurement instru- 
ments. For example, the conventional SureDrive® data 
storage unit manufactured by Hewett Packard Company 
is capable of storing 8 GBytes of data on a single cas- 20 
sette cartridge. In the conventional SureDrive series 
12000 unit, by including a plurality of cassette car- 
tridges, a data storage capacity 48 Gbytes is achieved 
in a single compact drive assembly of dimensions of the 
order of a few tens of centimeters. 25 
[0003] Conventional tape drive units operate to draw 
an elongate magnetic tape past a read/write head. Tape 
speeds past the heads are relatively slow, of the order 
of a few centimeters per second. 

[0004] in the conventional tape drive, electronic cir- 30 
cuitry is provided to encrypt the digital data to be stored, 
using an algorithm which applies redundancy encryp- 
tion to the original digital data, so that the data recorded 
on to the magnetic tape incorporates redundant data 
from which the original data can be recovered if there is 35 
corruption of the data recorded on the tape. Such cor- 
ruption may occur at the edges of the tape due to non- 
uniform coating of the tape with magnetic material, or 
due to variations in alignment of the tape with the 
read/write head. 40 
[0005] An on-going objective of magnetic tape drive 
development is to increase the amount of data which 
can be stored on a magnetic tape, and to reduce the 
size of tapes and tape drives thereby allowing drives to 
be used in an increasing range of applications. Achiev- 45 
ing such objectives involves increasing the density of 
recorded data per unit area of tape. 
[0006] However, as data density is increased and tape 
sizes become smaller, loss of data due to tape damage 
caused by tape stretching, or scratching of the tape so 
becomes more problematic as any such damage may 
obliterate larger amounts of data. 
[0007] It is another ongoing objective of tape drive 
development to increase the reliability of tapes and tape 
drives whilst reducing their cost. ss 



Summary of the Invention 

[0008] Specific embodiments and methods according 
to the present invention aim to maintain integrity of data 
under conditions of scratched or damaged tape surface 
in high data storage density tape systems, and thereby 
improve reliability of such devices. 
[0009] According to one aspect of the present inven- 
tion there is provided a method of redundancy coding 
data comprising the steps: 

forming a plurality of data frames by arranging a 
byte stream of data into a plurality of data sets, and 
for each data set, applying a redundancy coding to 
said data set to obtain a corresponding data frame; 
and 

for each said data frame, distributing said redun- 
dancy coding of said data frame over all other said 
data frames of the plurality of data frames. 

[0010] Preferably, said step of applying a redundancy 
coding comprises: 

arranging a said data set into a 2 dimensional array; 

applying a first coding algorithm to said data set in 
a first dimension to obtain a plurality of first code- 
words; and 

applying a second coding algorithm to said data set 
in a second dimension to obtain a plurality of sec- 
ond codewords. 

[001 1] Preferably, said step of distributing redundancy 
coding comprises for each said data frame, distributing 
bytes of each second codeword of said data frame over 
said plurality of data frames. 

[001 2] Preferably, said step of distributing said redun- 
dancy coding comprises partitioning each said data 
frame into a plurality of track blocks, each track block 
comprising a plurality of said first codewords read 
sequentially as rows of said data frames, and for each 
second codeword of a said data frame, distributing 
bytes of said second codeword across a plurality of said 
track blocks of said plurality of data frames. 
[0013] According to a second aspect of the present 
invention, there is provided a method of storing data on 
a magnetic tape data storage medium, said method 
comprising the steps of: 

partitioning said data into a plurality of data sets; 

applying a redundancy coding to each said data set 
to produce a plurality of corresponding data frames; 
and 

recording each said data frame of the plurality of 
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data frames onto a length of tape, 

wherein a redundancy coding of each said 
data frame is distributed over said plurality of 
recorded data frames. 

5 

[001 4] Preferably, for each said data set, a said redun- 
dancy coding comprises a plurality of first codewords, 
and a plurality of second codewords, and said distribu- 
tion of redundancy coding may comprise bytes of said 
second codewords arranged diagonally across a length w 
of said tape. 

[001 5] A plurality of physical data tracks on a length of 
magnetic tape data storage medium are substantially 
parallel to each other, and extend along a main length of 
said magnetic tape. Said data frame suitably comprises 75 
a plurality of first codewords in a first dimension and a 
plurality of second codewords in a second dimension. 
Said first codewords are suitably distributed along a 
length of the tape in a direction parallel to a direction of 
travel of the tape, whereas the second codewords may 20 
be distributed on the tape in a direction transverse to a 
direction of travel of the tape. 
[0016] By redundancy coding a data frame in two 
dimensions, and distributing a data frame across differ- 
ent physical tracks of the tape, redundancy data corre- 25 
sponding to user data recorded on a first physical track 
is distributed across a plurality of other physical tracks. 
Loss of data from a first physical track due to tape dam- 
age, for example elongate scratches along the track 
may be recoverable from redundancy coded data con- 30 
tained in adjacent, undamaged tracks. 
[0017] The two dimensional data frame comprises a 
plurality of data rows and data columns. Recording the 
data frame may comprise recording a said row within a 
single corresponding said data track and recording a 35 
said column across a plurality of said data tracks. 
Recording may comprise recording all bytes of a said 
row in a single track along a main length of said tape 
and recording bytes of a said column distributed in a 
direction across a width of said tape and in a direction 40 
along a main length of said tape. 
[0018] Suitably, physical tracks over which a two- 
dimensional data frame are distributed, are sufficiently 
far apart that adjacent tracks containing data of a same 
data frame will not be obliterated by a same elongate 45 
scratch. 

[0019] Preferably said data frame comprises a plural- 
ity of first codewords in a first dimension, and said 
method may comprise the step of partitioning said two 
dimensional array into a plurality of track blocks, each so 
track block comprising a plurality of said rows and said 
step of recording may comprise recording each said 
track block to a corresponding said physical track. 
[0020] The arrangement is suitably such that each 
said second codeword has at most one byte in common 55 
with each track block. A first codeword may operate to 
locate a position of an error in said two dimensional data 
frame, and the second codeword may operate to correct 



an error itself. 

[0021 ] Suitably, a plurality of bytes of a second code- 
word are distributed substantially uniformly over an area 
of tape occupied by a plurality of recorded data frames. 
By distributing bytes of a second codeword substantially 
diagonally across a length of the tape and by spreading 
out the bytes substantially uniformly over a length occu- 
pied by an area of the tape corresponding to the plural- 
ity of the recorded data frames, improved protection 
against longitudinal scratches in a direction parallel to a 
length of the tape, and transverse scratches in a direc- 
tion normal to a length of the tape may be obtained. 
[0022] According to a third aspect of the present 
invention, there is provided a method of storing data on 
a magnetic tape data storage medium, said method 
comprising the steps of: 

partitioning said data into a data set; 

applying a redundancy coding to said data set; 

recording said data set over a first region of tape; 
and 

recording a said redundancy coding corresponding 
to said data set over a second region of tape; 
wherein said second region extends outside said 
first region. 

[0023] Preferably, said first region has a first length 
along said tape, and said second region has a second 
length along said tape, said second length being greater 
than said first length. 

[0024] Said second region may be occupied by other 
said data sets of a plurality of data sets. 
[0025] The invention includes an encoding apparatus 
for encoding a byte stream of data, said encoding appa- 
ratus comprising: 

means for arranging said byte stream into a two 
dimensional data array; 

means for encoding said two dimensional data 
array with a first coding in a first said dimension; 
and 

means for encoding said two dimensional data 
array with a second coding in a second dimension. 

[0026] Suitably, the encoding apparatus comprises an 
application specific integrated circuit. 
[0027] A byte stream of user data from a host appara- 
tus is buffered and is compiled into a sequence of data 
sets. Each data set is formed into a two-dimensional 
data array which is redundancy coded in first and sec- 
ond dimensions to form a data frame. 
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Brief Description of the Drawings 

[0028] For a better understanding of the invention and 
to show how the same may be carried into effect, there 
will now be described by way of example only, specific 
embodiments, methods and processes according to the 
present invention with reference to the accompanying 
drawings in which: 

Fig. 1 illustrates a plurality of paths taken by a 
read/write head relative to an elongate band of 
magnetic tape material according to a specific 
method of the present invention; 

Fig. 2 illustrates a layout of a band group compris- 
ing a plurality of physical data tracks recorded onto 
a magnetic tape data storage medium according to 
a specific method of the present invention; 

Fig. 3 illustrates a prior art redundancy coding 
scheme for redundancy coding a 64 byte codeword; 

Fig. 4 illustrates a two-dimensional data frame 
assembled using first and second redundancy cod- 
ings according to a specific method of the present 
invention; 

Fig. 5 illustrates the two-dimensional data frame of 
Fig. 4 illustrating first and second codeword types 
comprising the two-dimensional data frame; 

Fig. 6 illustrates a partitioning of a data frame into a 
plurality of logical track blocks; 

Fig. 7 illustrates in further detail a data frame parti- 
tioned into a plurality of logical track blocks; 

Fig. 8 illustrates schematically an arrangement of a 
plurality of logical track blocks recorded as physical 
track blocks along a plurality of physical data tracks 
of magnetic tape data storage medium, and illus- 
trating a distribution of a second codeword within 
the layout of physical track blocks; 

Fig. 9 illustrates a variation of a layout of bytes of a 
second codeword within a physical track blocks on 
a plurality of physical data tracks of a magnetic 
tape; 

Fig. 10 illustrates schematically a data encoding 
apparatus for redundancy coding a byte stream of 
user data received from a host apparatus prior to 
recording the user data onto a magnetic tape stor- 
age medium according to the specific implementa- 
tion of the present invention; 

Fig. 1 1 illustrates in general overview a process for 
redundancy coding and recording a byte stream of 



data from a host apparatus onto a magnetic tape 
data storage medium according to a specific imple- 
mentation of a present invention; 

5 Fig. 12 illustrates an interleaving of codewords in a 
track block; and 

Fig. 13 illustrates a pattern of rotated first code- 
words in a data set enabling staggering of bytes of 
w a second codeword along a length of tape. 

Detailed Description of the Best Mode for Carrying 
Out the Invention 

75 [0029] There will now be described by way of example 
the best mode contemplated by the inventors for carry- 
ing out the invention. In the following description numer- 
ous specific details are set forth in order to provide a 
thorough understanding of the present invention. It will 

20 be apparent however, to one skilled in the art, that the 
present invention may be practiced without using these 
specific details, in other instances, well known methods 
and structures have not been described in detail so as 
not to unnecessarily obscure the present invention. 

25 [0030] Specific methods according to the present 
invention as described herein are aimed at magnetic 
tape recording devices having a substantially static 
read/write head in which an elongate tape wound 
between first and second reels is drawn past the head 

30 at relatively high speed, for example of the order of 3 
meters per second. Reading and writing of data onto 
the tape may be carried out in both forward and reverse 
pass directions of the tape relative to the head, and a 
plurality of parallel data tracks may be read or recorded 

35 onto the tape simultaneously, using a read/write head 
comprising a plurality of spaced apart read/write ele- 
ments. 

[0031] Referring to Fig. 1 herein, there is illustrated 
schematically a physical layout of data recorded along 

40 an elongate band of magnetic tape by a read/write head 
of a magnetic data recording device as the tape is 
drawn past the head according to a specific method of 
the present invention. Tlie read/write head contains a 
plurality of read elements and a plurality of write ele- 

45 ments arranged to read or write a plurality of physical 
tracks of data along the tape simultaneously, resulting in 
physical tracks 100-104 which are recorded parallel to 
each other along a length of the tape. The plurality of 
read/write elements are spaced apart from each other 

so in a direction transverse to a direction of movement of 
the tape, typically by a distance of the order 200 \um. 
Each read/write element is capable of reading or writing 
a physical track of width of the order 20 urn or so. 
[0032] The read/write head records a plurality of band 

55 groups along the tape in a path as shown in Fig. 1 
herein. Each band group contains a plurality of bands, 
each band comprising a plurality of physically recorded 
data tracks. Substantially a complete length of the tape 
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is wound past the static read/write head in a single 
pass. 

[0033] Referring to Fig. 2 herein, there is shown sche- 
matically a layout of a single band group (initial band 
group 0) along the tape. Each band group comprises a s 
plurality of number N datatrack bands 201-204 onto 
which are recorded data. In the case of Fig. 2, there are 
4 data track bands per band group. Each data track 
band comprises a plurality M of individual data tracks, 
each track recording a channel of digital data. In the 10 
case of Fig. 2, there are shown 8 tracks per datatrack 
band, and 32 data tracks per band group. The tape 
wound between the first and second reels moves across 
the static read and write elements reading and/or 
recording one track per datatrack band of a band group is 
in a single pass. Thus, using the example of a four 
datatrack band group, one track of each of four bands 
(ie first track 0) may be recorded at the same time. The 
read/write head is moved across the tape a short dis- 
tance, of the order 20 urn in a first transverse direction, 20 
transverse to the main length of the tape, to align with 
the second track (track 1) of each datatrack band, and 
reading/writing of the second track of each band occurs 
in parallel in a second pass. 

[0034] Subsequently, the read/write head is further 25 
moved across the tape in the same transverse direction, 
a further 20 \im and a third track of each datatrack band 
(track 2) is recorded, and so on, until all eight tracks of 
each band are recorded, at which point the band group 
is fully recorded. 30 
[0035] Data is arranged into logical tracks, which are 
then recorded onto the tape as physical tracks as shown 
in Fig. 2. Using an example, of writing initial band group 
0 comprising bands 200-204 (band numbers 0-4) in Fig. 
2, data is written during a pass of the tape along the 35 
band group. In a head arrangement of four read/write 
elements, four physical tracks (1,0; 2,0; 3,0; 4,0) are 
recorded and/or read simultaneously in parallel from the 
first end of the tape to the second end of the tape. 
[0036] Whilst the above scheme for linear reading and 40 
writing of data along a length of the tape may provide 
advantages in achievable data density in terms of data 
per unit area of tape, and reduced wear on tape and 
drive components compared to conventional recording 
techniques, the small dimensions of the tracks and the 45 
relatively high tape speed used may lead to damage 
and defects occurring on the tracks. Although damage 
to the tape surface can occur in any direction with 
respect to the main length of the track, particular types 
of defect are common. so 

Firstly, scratches may occur along the length of the 
tape due to stationary particles of dust or dirt 
becoming trapped in the cartridge or tape drive 
mechanism and abrading the surface of the tape as ss 
the tape is wound. 

Secondly, particles of dirt may become lodged 
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between the read/write heads and the tape, leading 
to inefficient or non-existent reading and writing of 
data along portions of the length of the tape. 

• Thirdly, data may be obliterated in a direction 
across the width of the tape due to folding or creas- 
ing of the tape, and stressing or stretching of the 
tape around rollers or the like. 

[0037] In conventional prior art tape drive mecha- 
nisms, general damage to the tape is a known problem 
and solutions to the problem have been employed which 
involve redundancy coding of data to be stored prior to 
recording the data on tape. 

[0038] Referring to Fig. 3 herein, there is illustrated 
operation of a prior art error correction scheme in which 
a code word of 64 bytes comprises 56 bytes of user 
data, and 8 bytes of encrypted redundancy data. The 
bytes of data are illustrated schematically in Fig. 3 as 
recorded onto a tape along a single track produced as a 
tape is drawn past a write head. Individual bytes of user 
data may be obliterated by scratches or defects 300-303 
on the tape. Using the prior art eight byte redundancy 
scheme, provided the locations of the corrupted user 
data are known within the code word, up to eight bytes 
of corrupted data per code word can be corrected. How- 
ever, if the positions of the corrupted bytes within the 
code word are not known, using 8 bytes of redundancy 
data, four of those bytes are used to find the defects, 
leaving four remaining redundancy bytes from which to 
correct the corrupted data, so that where the positions 
of the corrupted data are unknown in a 64 byte code 
word, a maximum of 4 bytes can be corrected using the 
conventional redundancy scheme. With the conven- 
tional error correction technique, half of the power of the 
technique is used to detect where the errors are, and 
the other half of the power is used to correct the errors 
There are not enough bytes of redundancy data to 
locate and rectify more than four defect bytes per 64 
byte codeword. The conventional redundancy scheme 
does not provide for correction of defects which obliter- 
ate whole code words along a track recorded linearly 
along a length of tape. 

[0039] Using the prior art error correction scheme, if a 
defect on the physical track, for example an elongate 
scratch along the length of the track, obliterates more 
than a few bytes per recorded codeword, the prior art 
error correction scheme is unable to recover the obliter- 
ated data. Prior art systems either leave long scratches 
uncorrected, resulting in loss of data or apply two fur- 
ther levels of error protection. Each further level of error 
protection requires its own dedicated set of hardware for 
its implementation, and therefore adds to the cost and 
complexity of known tape data storage devices. 
[0040] However, in the best mode of the present 
invention described herein, it has been found that in a 
multi-channel data recording device which records data 
to a plurality of physical data tracks on a magnetic tape 
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data storage medium in parallel, it is possible to devise 
a Reed-Solomon product code such that, when inter- 
leaved across a plurality of physical tracks, data may be 
recovered even when one or more of those tracks are 
damaged so that data on that track is unrecoverable 5 
Assuming a number of channels C, and a outer level 
code C2 having a redundancy of R, then such a correc- 
tion scheme becomes possible when 1/C is less than or 
equivalent to R. 

[0041 ] For example, when C2 is a (32, 24, 9) code with 10 
25% of redundancy and data is recorded through 4 
active channels on to 4 respective tracks, data may be 
interleaved such that any single track on which data is 
computed may be recovered by successive invocations 
of C2 codewords. When a larger number of active chan- 15 
nels are recorded, a same principle may be applied. For 
example with 32 active channels, using the same C2 
code, 8 of the 32 channels may be concurrently recov- 
ered. 

[0042] In the applicants' related disclosure filed of 20 
even date to the present disclosure under reference 
number case 397026, the contents of which are incor- 
porated herein by reference, there is described a spe- 
cific implementation of a first redundancy coding 
scheme wherein a set of data is formed into a two 25 
dimensional array in a buffer device, and to the data 
array is applied a first redundancy coding in a first 
dimension and a second redundancy coding in a sec- 
ond dimension to form a plurality of orthogonal first and 
second codewords, the data array being divided into a 30 
plurality of logical track blocks which are then each 
recorded physically onto tape as a corresponding 
respective plurality of parallel physical track blocks. 
Each logical track block is recorded along a length of the 
tape as one physical track block on one physical track. 35 
A single data set is recorded within a length on the tape 
corresponding to a length of a single physical track 
block. A byte of each second codeword is spread over 
every first codeword in the data array, and consequently 
is spread over each logical and physical track block and 40 
over a plurality of physical data tracks on the tape. 
[0043] Typically, a physical length of recorded tape 
occupied by a physical track block using this scheme 
may be of the order 12 mm, a physical track block com- 
prising 83,328 bytes being recorded sequentially along 45 
the length of the tape. The redundancy coding applies 
to correct defects within a data set contained within a 
set of the physically recorded track blocks of data. Using 
a 12.5% redundancy code, a maximum of one eighth of 
a data set can be corrected. Thus, in an example of a so 
data set recorded through 4 active channels onto 4 
respective physical tape tracks, a maximum of a half 
track block length of data along one physical data track 
can be recovered in that track block. Thus, for a track 
block having a physically recorded tape length of 12 55 
mm, a maximum scratch correction length along the 
tape of 6 mm can be achieved using the first scheme. 
However, a penalty of such redundancy coding scheme 



is that an overhead of 1 2.5% of storage capacity on tape 
is used for the redundancy coding, reducing the amount 
of data which can be stored on a tape. 
[0044] If the redundancy of the coding is increased to 
25% then for a scratch on one track, a whole physical 
track block can be recovered, ie a length of around 12 
mm along one physical data track. Using the 25% cod- 
ing, since data sets are recorded sequentially to each 
other along the length of the tape, a data obliteration of 
indeterminate length can be corrected along one physi- 
cal data track, provided there are no other scratches 
within other physical tracks of the recorded data sets. In 
this case the overhead of using the redundancy is a 
25% reduction of amount of data which can be stored. 
[0045] In the first redundancy coding scheme, bytes of 
data used for redundancy coding of the data set are 
contained within the same data frame, and hence the 
same logical and physical track blocks as the data set 
itself. Thus, any damaged bytes of a data frame must be 
corrected from redundancy bytes within the same data 
frame (or equivalents any damage to the data of a 
physical track block set can only be corrected from 
redundancy bytes obtained from within that track block 
set). Thus, the number of damaged bytes repairable in a 
data set is limited by the maximum correction power of 
the redundancy code used. For example, where a 25% 
redundancy code is used, a maximum of 25% of the 
data set can be recovered. 

[0046] A second redundancy coding scheme is pre- 
sented herein according to a specific implementation of 
the present invention. In this specification, the following 
terms have meanings described as follows: 

a "data set" is a unit of a predetermined number of 
bytes of data to be recorded; 

a "data frame" comprises a data set to which has 
been added first coding (C1 coding) bytes and sec- 
ond coding (C2 coding) bytes; 

a "logical track block" is a unit of data comprising a 
data set, which is to be recorded on a single physi- 
cal data track of a tape. A data set may comprise a 
plurality of logical track blocks; 

a "physical track block" is a unit of data comprising 
a data set which is recorded onto a physical track of 
tape. A logical track block becomes a physical track 
block once it is recorded onto tape; 

a "track block set" is a group of track blocks which 
are written on to tape at the same time as each 
other; 

a "codeword" is a word of data which is generated 
by a processing algorithm. The number of bits in a 
codeword may vary. 



6 



11 



EP 0 913 826 A1 



12 



[0047] In the specific implementation of the present 
invention presented herein, redundancy bytes of one 
data frame are distributed over a plurality of track 
blocks. When recorded on tape, damage to data of one 
track block may be corrected from data of other track 
blocks recorded further along the tape, or further across 
the tape, enabling either an increased length of scratch 
correction to be achieved for a given redundancy coding 
overhead, or alternatively allowing a reduced redun- 
dancy coding overhead to be used to correct a scratch. 
[0048] A specific implementation according to the 
present invention will now be described. In the specific 
implementation presented herein, redundancy coding 
relating to a first physical track block is distributed over 
a plurality of other physical track blocks recorded onto 
tape. A data set is formed into a two dimensional array 
in a buffer device and to the data set is applied a first 
redundancy coding in a first dimension and a second 
redundancy coding in a second dimension resulting in a 
data frame comprising a plurality of first codewords 
along the first dimension and a plurality of second code- 
words along the second dimension. The data frame is 
divided into a plurality of logical track blocks each com- 
prising a predetermined number (eg 32) of first code- 
words. Each logical track block is then recorded onto a 
physical data track of the tape as a physical track block. 
A plurality of physical track blocks are recorded onto 
each of a plurality of physical data tracks, so that for any 
data frame there are recorded more than one physical 
track block on each physical data track. Each second 
codeword is distributed over the pluraliuty of physical 
data tracks and over the plurality of physical track 
blocks, one byte of each second codeword being 
present in each physical track block. In order to correct 
a large error, data from all of the physical track blocks 
needs to be reconstructed. 

[0049] Referring to Fig. 4 herein, there is illustrated 
conceptually a redundancy coded two dimensional data 
frame according to a specific method of the present 
invention. A host device supplies a byte stream of 
incoming user data to be stored which is partitioned into 
a plurality of data sets. Each data set is processed into 
a two dimensional array and is input into first and sec- 
ond processors which process the array into a plurality 
of first codewords (designated C1 type 1 codewords 
herein) and a plurality of second codewords (desig- 
nated C2 type 2 codewords herein). The plurality of type 
1 first codewords and type 2 second codewords com- 
prise a data frame as shown in Fig. 4. The first code- 
words comprise rows of the data frame and the second 
codewords comprise columns of the data frame. The 
data frame comprises 2048 first code words each of 
length 192 bytes, giving a total data frame capacity of 
393,216 bytes. Of this, the user data to be stored com- 
prises 1792 strings of data each of length 186 bytes, 
giving a data set of 333,312 bytes in total. The remain- 
ing bytes in the frame comprise first redundancy coding 
data and second redundancy coding data (referred 



herein as C1 and C2 parity information) respectively. 
[0050] Referring to Fig. 5 herein, there is illustrated 
within the two dimensional data frame, an example of a 
first codeword 500 and an example of a column 501 of 

s second codewords. Each column comprises 32 second 
codewords each of 64 bytes length interleaved within 
the column. A maximum codeword length allowed by 
the Reed Solomon coding is 255 bytes. The first and 
second codeword types are orthogonal to each other. 

w That is to say, where the data frame is represented 
schematically as a two dimensional array of bytes of 
data, a first codeword of length 192 bytes comprising a 
row of the data frame is read in a direction correspond- 
ing to a first dimension, and a second codeword of 

is length 64 bytes comprising a column of the first data 
frame is read in a direction corresponding to a second 
dimension. Since the plurality of first codewords are 
orthogonal to the plurality of second codewords, each 
first codeword shares a single byte of data in common 

20 with each second codeword. Each second codeword 
comprises one byte of each of a plurality of first code- 
words, and each first codeword comprises one byte of a 
plurality of the second codewords. 
[0051] The two dimensional data frame comprises a 

25 data set of 333312 bytes which are arranged into 1 792 
data strings, each of length 186 bytes; a set of 47616 
bytes of second redundancy coding C2 parity data com- 
prising 256 C2 parity data strings each of 186 bytes 
length; and a set of first redundancy coding C1 parity 

30 data of 1 2288 bytes comprising 2048 data strings of first 
redundancy coding C1 parity data each string of length 
6 bytes. A first codeword type comprises a string of user 
data (1 86 bytes) plus a string of C1 parity data (6 bytes), 
or a string of C2 parity data (186 bytes) plus a string of 

35 C1 parity data (6 bytes). A column of 32 second code- 
words comprises a column of user data (1792 bytes) 
plus a column of C2 parity data (256 bytes), or a column 
of C1 parity data (2048 bytes). 
[0052] Referring to Fig. 6 herein, there is illustrated 

40 schematically how a data frame comprising 2048 first 
codewords is partitioned into 64 logical track blocks, 
each comprising 32 first codewords. Referring to Fig. 7 
herein, there is illustrated in further detail partitioning of 
a data frame into a plurality of logical track blocks as 

45 described in Fig. 6. The data frame comprising a user 
data set of 186 x 1792 = 333312 bytes, plus 59904 
bytes of C1 and C2 redundancy data is divided into 64 
track blocks, each comprising 32 first codewords of 192 
bytes each. Each track block is read sequentially onto a 

so tape track from its first row to its thirty second row to 
produce a corresponding physical track block recorded 
on tape. For example rows 0 to 31 are read sequentially 
for track block 0 as illustrated in Fig. 6, such that track 
block zero comprises codewords comprising rows 0, 1 , 

55 2, 31 of the data frame read in that sequence. 

[0053] Referring to Fig. 8 herein, there is illustrated a 
physical track block layout of the data frame of Figs. 4 to 
6 recorded onto four parallel tracks T1 - T4 along a 
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length of the tape by four write elements operated simul- 
taneously. Each physical track is of width around 20 urn 
typically, the tracks being separated from each other by 
a distance of around 200 jim. The data frame, when 
physically recorded onto the tape, has a length of 16 
logical track blocks, there being recorded 16 logical 
track blocks sequentially on each of the four physical 
data tracks. The physical length of the data frame along 
the tape extends a distance of 98,304 bytes, each logi- 
cal track block extending 6144 bytes in length. 
[0054] The logical track blocks are recorded in track 
block sets across the width of the tape and along a 
length of the tape in the case of Fig. 8, track blocks of a 
first track block set being written simultaneously by four 
individual write elements, a first track block TB1 being 
recorded on the first physical track, a second track block 
TB2 being recorded on a second physical track, a third 
track block TB3 being recorded on a third physical track, 
a fourth track block TB4 being recorded on a fourth 
physical track. A second track block set is then recorded 
comprising a fifth track block TBS being recorded again 
on the first physical track, a sixth track block TB6 being 
recorded on the second physical track, etc., as shown in 
Fig. 8 until the whole of the data frame has been 
recorded in 2 dimensions on the plurality of physical 
tracks of the magnetic tape data storage medium. 
[0055] Each second codeword of the data frame is 
distributed across all four tracks and across a whole 
length of the physically recorded data frame. For each 
logical track block of 61 44 bytes, the second codewords 
of that track block are distributed across all other track 
blocks of the plurality of track blocks in the data frame. 
The individual bytes of each of the second codewords of 
a logical track block are physically separated from each 
other by 6144 bytes (a logical track block) as they are 
distributed over the plurality of physical tracks along the 
length of the tape, and across a width of the tape, as 
shown in Fig. 8 herein. For each second codeword, a 
byte of that codeword appears at a same position rela- 
tive to a start of the track block, for successive track 
blocks. Bytes of only one second codeword are shown 
in Fig. 8. Bytes of other second codewords of the data 
frame are distributed similarly. 
[0056] Since there are only 64 physical track blocks 
per data frame, and a second codeword comprises 64 
bytes, a column of second codewords of a first data 
frame comprising 2048 bytes in all continues to be 
recorded in track blocks of successive second to thirty 
second data frames along the length of the tape. Thus, 
a column of the first data frame is not restricted to being 
recorded within a single track block set of that data 
frame, but extends over the thirty one subsequent 
recorded track block sets (a total of 2048 track blocks in 
all). Thus, whilst the first codewords of a data frame are 
contained within the physical track blocks of that data 
frame, bytes of the second codewords of the data frame 
are distributed across a plurality of physical track blocks 
of a plurality of data frames. The first redundancy cod- 



ing (C1) having 6 bytes per 186 bytes has around 3% 
redundancy and is used to correct small errors which 
are correctable with this level of redundancy, and more 
importantly, to identify locations of larger errors. The 

5 second redundancy coding (C2) is used to correct the 
larger errors. A single second codeword may be distrib- 
uted over a physical length of tape extending over four 
data tracks across the width of a tape, and extending 
over a length of around 350 mm. Where a 25% C2 

w redundancy coding is used, this gives a maximum 
length of scratch protection of the order of around 80 - 
90 mm where all four tracks are affected by a scratch. 
Where a scratch happens to occur obliterating an end of 
one data set and continuing onto a beginning of a sec- 

75 ond data set, a maximum scratch length of around 170 
mm may be corrected using such a scheme. In order to 
correct a scratch of such length, it will be necessary to 
reconstitute the data frames of each data set in which 
the scratch occurs. Where a scratch affects one track 

20 only, then using a 25% coding for four physical tracks 
then a scratch length extending over a whole length of 
the tape may be corrected. 

[0057] Referring to Fig. 9 herein, there is shown a var- 
iation of distribution of bytes of a recorded second code- 

25 word within a plurality of track blocks of a data frame, 
wherein positions of bytes of a specific second code- 
word within the same track block set, eg track block set 
TB1, TB17, TB33, TB49, are spaced apart from each 
other lengthwise along the tape, as much as possible. 

30 This configuration may give improved protection against 
defects which extend across a width of the tape. Instead 
of a byte of a second codeword appearing at a fixed 
position within each successive physical track block, the 
position of successive bytes of a second codeword is 

35 varied within the track blocks from track block to track 
block, when recorded along physical data tracks T1 - 
T4. In a first physical track block TB1 , a first byte of a 
second codeword is positioned at a first byte position. In 
a second track block TB17 on parallel physical data 

40 track T2, a second byte of the second codeword is 
placed at a second byte position. Similarly, on a third 
track block TB33 recorded simultaneously with first and 
second track blocks TB1 , TB17, a third byte of the sec- 
ond codeword is recorded at a third byte position. A 

45 fourth physical track block TB49 recorded on fourth data 
track T4 is recorded at a fourth byte position within that 
track block. A separation of four bytes of a second code- 
word within a single track block set, eg TB1, TB17, 
TB33, TB49 in a lengthwise direction along a length of 

so the tape is of the order 1 536 bytes, ie that is to say byte 
902 is 1536 bytes along the tape further the byte 901 of 
the same second codeword in the same track block set 
TB1, TB17, TB33, TB49. Successive bytes of a same 
second codeword are incremented in their position 

55 within successive track block sets by 192 bytes length 
along the tape, that is to say, byte 903 is incremented to 
a relative position within successive track block T2 of 
first track T1 by 197 bytes compared to a position of 
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byte 901 of preceding track block TB1 of the same track 
T1 . On recording the fifth to eighth physical track blocks 
TB2, TB18, TB34, TB50 in the next track block set, the 
fifth to eighth bytes of the second codeword are 
recorded at respective byte positions five to eight of 5 
those physical track blocks. Similarly, successive bytes 
of the second codeword are recorded across all track 
blocks until all the second codewords of the data frame 
have been recorded onto tape, there being one byte of 
a second codeword per track block, the bytes distributed w 
across all track blocks of a plurality of data frames and 
distributed lengthwise and widthwise across the physi- 
cal tracks of the tape. Thus, as shown in Fig. 9 bytes of 
a second codeword may be distributed substantially uni- 
formly over an area of tape occupied by a plurality of 75 
data frames. 

[0058] Referring to Fig. 10 herein, there is illustrated 
an encoding apparatus for encoding user data prior to 
recording the user data onto a plurality of physical data 
tracks as described hereinbefore. The apparatus com- 20 
prises an input buffer 1000 for storing a plurality of data 
frames; a C2 redundancy coding processor 1001 for 
applying a second (C2) redundancy coding algorithm to 
a plurality of data sets; first to fourth C1 encoding proc- 
essors 1002 - 1005 lor applying a first C1 redundancy 25 
coding algorithm to the C2 encoded data sets, and first 
to fourth read/write elements 1006 - 1009 for recording 
the C1 and C2 encoded data frames onto four separate 
physical tracks along a length of magnetic tape storage 
medium. Typically, the encoding apparatus comprises 30 
an application specific integrated circuit (ASIC) config- 
ured as redundancy coding processors operating C2 
and C1 redundancy encoding algorithms respectively. 
The buffer 1000 may comprise a separate random 
access memory having a capacity capable of storing a 35 
plurality of data frames, and the buffer may communi- 
cate with the C1 , C2 coding processor at a data rate of 
the order 80 MHz. 

[0059] Referring to Fig. 1 1 herein, there is illustrated 
schematically an overall process operated by the appa- 40 
ratus for Fig. 10 in order to record C1 and C2 encoded 
user data in a series of track blocks onto a magnetic 
tape data storage device as hereinbefore described. 
Operation of the apparatus of Fig. 1 0 in accordance with 
the method of Fig. 1 1 will now be described, in relation 45 
to a second specific method of the present invention 
using a 12.5% C2 redundancy coding, in which a two- 
dimensional data frame as shown in Figs. 4 to 7 herein 
is recorded, having user data set of 333312 bytes, a C2 
redundancy coding of 47616 bytes and a C1 redun- so 
dancy coding of 12288 bytes. 
[0060] In step 11 00, a byte stream of user data is input 
into input buffer 1 000. The user data is partitioned into a 
set of records, each having a four byte cyclical redun- 
dancy code, for protecting the record. The cyclical 55 
redundancy code may be checked when data is recov- 
ered during a read operation of the user data. During a 
read operation, inspection of the cyclical redundancy 



code is used to verify that the user data in the record 
has not been corrupted during storage on the tape. In 
step 1 100, data processing of the user data comprises 
generating a stream of user data words based on the 
sequence of protected records and file marks issued by 
the host apparatus which originates the data. The pur- 
pose of the data processing step 1100 is to remove 
redundancy from the incoming user data stream. In step 
1101a user data set of fixed length is created by group- 
ing a predetermined number of the processed user data 
words resulting from step 1 100. Data sets are created 
having a fixed length of 333,312 bytes. In step 1102, 
each user data set is converted into a-two dimensional 
matrix having 56 rows and 5952 columns. In step 1 103. 
a second (C2) level of redundancy error correction cod- 
ing is added to the 56 row x 5952 column matrix of user 
data. The C2 error correction coding scheme comprises 
a known Reed-Solomon error correction coding 
scheme. An interleave used by the C2 redundancy cod- 
ing scheme may be one C2 symbol every 32 first code- 
words ie one C2 symbol every 32 rows of 186 bytes of 
user data, or equivalent^, one C2 symbol every 5952 
bytes of user data. The C2 redundancy coding is based 
on a Reed-Solomon code (64,56,9). Reed-Solomon 
coding is well known in the prior art. In step 1 104, the 
data set with added C2 redundancy coding is converted 
into a second matrix format having 186 columns and 
2048 rows. Where a second redundancy coding C2 
having 12.5% redundancy is utilized, 256 rows of data 
may comprise the C2 redundancy coding data, the data 
set comprising 1792 rows. In step 1105, first redun- 
dancy coding C1 is applied to the second data matrix. 
The first redundancy coding is applied orthogonaly to 
the second redundancy coding. That is to say, a first 
codeword intersects a second codeword just once, and 
there is only one common byte between them. Each first 
codeword consists of 1 86 bytes of processed user data, 
followed by six bytes of C1 redundancy coding symbols 
or 1 86 bytes of C2 coding and 6 bytes of C1 coding. The 
C1 redundancy coding is based on a Reed-Solomon 
code of (192,186,7). 

[0061 ] In step 1 1 06, the two dimensional data frame 
comprising the data set having first and second redun- 
dancy coding added, is partitioned into a plurality of log- 
ical track blocks. The data frame is divided into 64 equal 
logical track blocks of data. This equates to 32 first 
codewords in each track block or one C2 symbol from 
each C2 codeword in each track block. In step 1 1 07, the 
first codewords in the track blocks are interleaved in 
pairs. This transformation is performed by taking two 
consecutive codewords at a time, and interleaving them 
together into one pair of first codewords. This results is 
16 first codeword pairs per track block. In step 1108, 
headers are added to the track blocks and to each of the 
first code word pairs within the track blocks. The head- 
ers are used to contain positional information and iden- 
tification of the attached data recorded in the track 
block. In step 1 109, the plurality of track blocks are alio- 



30 



35 



40 



45 



50 



Patent provided by Sughrue Mion, PLLC - http://www.sughrue.com 



17 



EP 0 913 826 A1 



18 



cated to physical tracks in such a way that an nth track 
block is allocated to a track P where 

P=n|M| 

and M is the number of logical data tracks per 
physical track block set. 

[0062] Referring to Fig. 12 herein, there is illustrated 
in further detail an interleaving of first codewords in the 
track block. The first codewords (C1 codewords) in a 
track block are grouped in pairs, so that codewords 0 
and 1 go together, then 2 and 3, and so on. Symbols 
from each codeword are interleaved so that there is one 
byte from codeword 0 then one byte from codeword 1 , 
then another from codeword 0 and so on. This grouping 
is referred to herein as a codeword pair. 
[0063] Referring to Fig. 13 herein, there is illustrated 
in further detail step 1109 of recording logical track 
blocks to physical data tracks, where successive bytes 
of a second codeword are staggered with respect to 
their position in the physical track block, similarly as 
illustrated with reference to Fig. 9 herein. A sequence in 
which the first codeword pairs appear in each track 
block is defined as follows. 

A first C1 codeword pair in track block T has a code- 
word identifier number: T*17. 

The nth first codeword pair (counting from 0) has a 
codeword identifier number: T*16+T+n(MOD16). 

[0064] This has the effect of presenting the first code- 
words that contain symbols from any specific second 
codeword in a diagonal line across the tape, rather than 
in a vertical line across the tape. 

Claims 

1. A method of redundancy coding data comprising 
the steps: 

forming a plurality of data frames by arranging 
a byte stream of data into a plurality of data 
sets, and for each data set, applying a redun- 
dancy coding to said data set to obtain a corre- 
sponding data frame; and 

for each said data frame, distributing said 
redundancy coding of said data frame over all 
other said data frames of the plurality of data 
frames. 

2. The method as claimed in claim 1, wherein said 
step of applying a redundancy coding comprises: 

arranging a said data set into a 2 dimensional 
array; 



applying a first coding algorithm to said data 
set in a first dimension to obtain a plurality of 
first codewords; and 

s applying a second coding algorithm to said 

data set in a second dimension to obtain a plu- 
rality of second codewords. 

3. The method as claimed in any one of the preceding 
io claims, wherein said step of distributing redun- 
dancy coding comprises for each said data frame; 

distributing bytes of each second codeword of 
said data frame over said plurality of data 
15 frames. 

4. The method as claimed in any one of the preceding 
claims, wherein said step of distributing said redun- 
dancy coding comprises: 

20 

partitioning each said data frame into a plurality 
of track blocks, each track block comprising a 
plurality of said first codewords read sequen- 
tially as rows of said data frames; and 

25 

for each second codeword of a said data frame, 
distributing bytes of said second codeword 
across a plurality of said track blocks of said 
plurality of data frames. 

30 

5. A method of storing data on a magnetic tape data 
storage medium, said method comprising the steps 
of: 

35 partitioning said data into a plurality of data 

sets; 

applying a redundancy coding to each said 
data set to produce a plurality of corresponding 
40 data frames; and 

recording each said data frame of the plurality 
of data frames onto a length of tape, 

wherein a redundancy coding of each 
45 said data frame is distributed over said plurality 

of recorded data frames. 

6. The method as claimed in claim 5, wherein for each 
said data set, a said redundancy coding comprises 

so a plurality of first codewords, and a plurality of sec- 
ond codewords, 

and said distribution of redundancy coding 
comprises bytes of said second codewords 
arranged diagonally across a length of said tape. 

55 

7. The method as claimed in claim 6, wherein a plural- 
ity of bytes of said second codeword are distributed 
substantially uniformly over an area of said tape, 
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occupied by said plurality of recorded data frames. 

8. A method of storing data on a magnetic tape data 
storage medium, said method comprising the steps 
of: 5 

partitioning said data into a data set; 

applying a redundancy coding to said data set; 

w 

recording said data set over a first region of 
tape; and 

recording a said redundancy coding corre- 
sponding to said data set over a second region 75 
of tape; wherein said second region extends 
outside said first region. 



9. The method as claimed in claim 8, wherein said first 
region has a first length along said tape, and said 20 
second region has a second length along said tape, 
said second length being greater than said first 
length. 



1 0. The method as claimed in claim 8 or 9, wherein said 25 
second region is occupied by other said data sets of 

a plurality of data sets. 

11. An encoding apparatus for encoding a byte stream 

of data, said encoding apparatus comprising: 30 

means for arranging said byte stream into a two 
dimensional data array; 

means for encoding said two dimensional data 35 
array with a first coding in a first said dimen- 
sion; and 

means for encoding said two dimensional data 
array with a second coding in a second dimen- 40 
sion. 

12. An encoding apparatus as claimed in claim 11, 
comprising an application specific integrated circuit. 
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